Abstract-The smooth hammerhead (Sphyrna zygaena) is the third most captured shark species in Peru, a nation with one of the largest shark fisheries in the Pacific Ocean. We sought to better understand the trophic ecology of this shark in northern Peru by analyzing stomach contents. From 2013 through 2015, we collected 485 samples of gut contents from sharks measuring 53-294 cm in total length. Our results show that the smooth hammerhead is a top predator with a diet dominated by jumbo flying squid (Dosidicus gigas) and the Patagonian squid (Doryteuthis (Amerigo) gahi). Smooth hammerheads displayed different diets with different body size, and this finding indicates that sharks change their distribution and habitat during development. This study represents the most comprehensive investigation to date of the trophic ecology of smooth hammerhead in waters off Peru. We propose that these waters represent an important eastern Pacific Ocean feeding ground for smooth hammerhead. Because this species is commercially important and also preys upon other commercial species, these findings could contribute to the design and implementation of plans for ecosystembased fisheries management.
Trophic ecology of the smooth hammerhead shark (Sphyrna zygaena) off the coast of northern Peru
Abstract-The smooth hammerhead (Sphyrna zygaena) is the third most captured shark species in Peru, a nation with one of the largest shark fisheries in the Pacific Ocean. We sought to better understand the trophic ecology of this shark in northern Peru by analyzing stomach contents. From 2013 through 2015, we collected 485 samples of gut contents from sharks measuring 53-294 cm in total length. Our results show that the smooth hammerhead is a top predator with a diet dominated by jumbo flying squid (Dosidicus gigas) and the Patagonian squid (Doryteuthis (Amerigo) gahi). Smooth hammerheads displayed different diets with different body size, and this finding indicates that sharks change their distribution and habitat during development. This study represents the most comprehensive investigation to date of the trophic ecology of smooth hammerhead in waters off Peru. We propose that these waters represent an important eastern Pacific Ocean feeding ground for smooth hammerhead. Because this species is commercially important and also preys upon other commercial species, these findings could contribute to the design and implementation of plans for ecosystembased fisheries management.
The smooth hammerhead (Sphyrna zygaena) is distributed from California to Chile within the eastern Pacific Ocean. This species reaches a maximum size of 370-400 cm in total length (TL), and is one of the largest fishes in the southeast Pacific Ocean (Fowler et al., 2005) . At birth, neonates measure 50-61 cm-TL (Fowler et al., 2005) . Neonate and juvenile smooth hammerheads use shallow coastal waters as nursery grounds and as they grow larger they move to more offshore oceanic waters (Smale, 1991; Diemer et al., 2011; Francis, 2016) . The distribution of adults worldwide, however, is still unknown (Francis, 2016) .
Abundance of this species is decreasing and the species is classified as vulnerable in the IUCN Red List of Threatened Species (Casper et al., 2005) . As of September 2014, the species has been included in Appendix II of the Convention on International Trade in Endangered Species of Wild Fauna and Flora (https://cites. org/eng/app/appendices.php). Smooth hammerhead fins are prized in Asian markets and sharks are increasingly targeted in some areas. Peru is one of the top 12 countries that supply shark fins to Asian markets (Cheung and Chang, 2011) . The smooth hammerhead is commonly caught in the southeast Pacific Ocean but the impact of these fisheries on its population is unknown (Fowler et al., 2005) . Peru also reports the highest accumulated historical shark landings in the Pacific Ocean and smooth hammerhead is identified as the third most captured shark species by the fisheries of Peru and the most frequently captured shark species off northern Peru (Gonzalez-Pestana et al., 2016). However, the fisheries lack robust monitoring and management, and species biology and ecology remain poorly understood, both locally and worldwide (Fowler et al., 2005; Cortés et al., 2010) .
There are limited studies from Mexico, Ecuador, and Peru on the diet of smooth hammerhead in the Pacific Ocean. Research shows that the diet of this shark in waters off Mexico is composed of fishes and cephalopods (e.g., California needlefish [Strongylura exilis]; common clubhook squid [Onychoteuthis banksia]) (Galvan-Magaña et al., 1989; Ochoa-Díaz, 2009; Galvan-Magaña et al., 2013 (Castañeda 1 ). Although this study in Peru had an adequate sample size, time series, and size distribution for the smooth hammerhead, it is more descriptive than analytical and is limited to a seasonal comparison.
We sought to better understand the trophic ecology of smooth hammerhead off the coast of northern Peru by analyzing stomach contents. We assessed diet variability by sex, body size, location, season, year, and environmental conditions.
Materials and methods
Collections, storage, and analysis of samples Samples were collected from a small-scale driftnet fishery from December 2012 through June 2015 at 7 landing sites along the coast of northern Peru: Zorritos, Acapulco, Cancas, Mancora, Yacila, San Jose, and Salaverry (Fig. 1) . Nets in this fishery are typically set at the time of sunset and retrieved the following morning for an average set length of ca. 14 h (Alfaro-Shigueto et al., 2010) . Sharks were measured (total length) and sex was determined. Stomachs were extracted and preserved in 10% formalin solution. Xavier and Cherel (2009) . Cephalopod beaks were used to reconstruct total mass at ingestion, by using regression equations (Lu and Ickeringill, 2002) . Values for stage of digestion were allocated to each prey item and ranged from 1 (little or no digestion) to 4 (advanced state of digestion) (Bolaño Martínez, 2009 ). Diet was quantified by using percentage of prey, by number (%N), weight (%W), and frequency of occurrence (%O) (Hyslop, 1980) . The index of relative importance (IRI) was calculated as IRI=%O (%N + %W). It was then divided by the total IRI for all items to express the Cortés, 1997) . Items rarely found in stomachs (e.g., rocks, snails) and parasites (e.g., isopoda) were not included in the analysis.
Statistical analysis
Cumulative prey curves were constructed to determine whether an adequate number of stomachs had been collected to accurately describe the diet of smooth hammerhead (Jimenez and Hortal, 2003) . The order in which stomachs were analyzed was randomized 1000 times to eliminate bias. The number of stomachs analyzed is considered sufficient in describing the diet when a cumulative prey curve reaches an asymptote. Therefore, a slope value less than 0.1 indicates a good representation of diet (Soberón and Llorente, 1993) .
We used 2 indices to evaluate trophic niche width of prey taxa: Levin index and Berger-Parker index. The Levin index was based on %N values. The index values range from 0 to 1: low values (<0.6) indicate a diet dominated by few prey items (specialist predator) and higher values (>0.6) indicate a generalist diet (Labropoulou and Eleftheriou, 1997) . The Berger-Parker index uses the formula of Magurran (1988) , d=(n i max)/N, where N represents the number of all recorded food components (taxa) and n i max represents the number of specimens from taxon i (the most numerous taxon in the diet). This index ranges between 1/N and 1: values closer to 1 represents a specialist feeder and a value closer to 1/N indicates a generalist feeder.
We calculated trophic position on the basis of %IRI values of the prey species presented in the stomach content. We used the following equation: (Christensen and Pauly, 1992) ,
where DC ij = the composition of the diet in which j is the proportion of preys in the diet of the predator I; and TL j = the trophic level of the preys.
The trophic level of the fishes were taken from Froese and Pauly 3 and Espinoza (2014) and the trophic level of the cephalopods were taken from Cortés (1999) and Espinoza (2014) .
We analyzed differences in diet according to 6 factors: body size and sex of sharks, location of capture, season, year, and environmental conditions (El Niño-Southern Oscillation event: November 2014 to December 2015) . For body size we divided the sharks into size classes. This division was based on analyses of similarities (ANOSIM) where we chose the size classes that showed the highest R-statistic and the lowest P-value (Clarke, 1993) . The division of the locations (north: Zorritos, Acapulco, Cancas, Mancora, and Yacila; south: San Jose; and Salaverry) was justified be-cause of biogeographic characteristics of the Tropical East Pacific and Warm Temperate Southeastern Pacific marine provinces where the collection sites were located (Spalding et al., 2007) (Fig. 1) . The division of the seasons was based upon the seasonality of chlorophylla concentration and primary production; for which the highest levels occurred during the austral summer and fall (Pennington et al., 2006) . Therefore, we divided the data into 2 seasons: season 1 (austral summer and fall) and season 2 (austral winter and spring).
Nonmetric dimensional scaling (nMDS) ordinations generated from a Bray-Curtis similarity matrix on numeric abundance of prey (%N) was used to determine whether sex, body size, capture location, season, year, or environmental conditions exerted the greatest overall influence on the dietary composition of smooth hammerhead. ANOSIM was used to test whether dietary compositions differed significantly, by generating a Rstatistic, stress value, and a P-value. R-statistic values describe the extent of similarity (Clarke, 1993) , with values near 1 indicating that the 2 groups are entirely separate and values close to 0 indicating that there are no differences between the 2 groups. Stress value measures the goodness-of-fit of the nMDS model to the data, where values closer to zero indicate excellent representation (without risk of misinterpretation) and values larger than 0.2 indicate that the interpretation is unreliable (Clarke, 1993) . Similarity percentages (SIMPER) were employed to determine the dietary categories that typified particular groups or contributed most (or typified a combination of both categories) to the similarities between groups (Clarke, 1993). If significant differences existed in the diets by factors (e.g., sex), then trophic niche width, degree of overlap (based on the Bray-Curtis index) and trophic position were calculated for each factor.
Statistical analyses were performed by using RStudio, vers. 0.96.122 (RStudio, 2012 ) with R, vers. 3.2.2 (R Core Team, 2016 .
Results
A total of 485 samples of gut contents were collected. Individual smooth hammerheads measured between 53 and 294 cm TL. The slope value of 0.002 (less than 0.1) for the cumulative prey curve showed that sufficient stomach contents were examined to adequately and reliably describe the diet of smooth hammerhead. With the cumulative prey curve, we calculated that the contents from 39 stomachs would be needed to accurately analyze the diet of smooth hammerhead.
Food items were found in 78% of the stomachs. Of these, 92% were in an advanced state of digestion (stages 3 and 4). Prey composition comprised 25 prey items: 14 teleosts and 11 cephalopods (Table 1) . According to %IRI values, the most important prey species were Patagonian squid (Doryteuthis (Amerigo) gahi) (37%) and jumbo squid (27%). These 2 species comprised more than 60% of the diet. The trophic position was high (4.3), indicating that the smooth hammerhead is a top predator.
The trophic niche width was narrow with a low Levin index value (<0.6) for the 2 groups of prey taxa: cephalopods and fishes. Also the value of d for the Berger-Parker index was closer to 1 than 1/N for both groups. This value means that the diet of smooth hammerhead is dominated by few prey species (Table  2) . Moreover, the average frequency of occurrence of cephalopods (89%) in gut contents was higher than the average frequency of occurrence of fishes (11%). The most common number of prey species per stomach was 1, followed by 2 prey species (41% of stomachs contained 1 prey species, and 26% of the stomachs had 2 prey species) (Fig. 2) . For stomachs that contained 1 prey species, the single prey species was the Patagonian squid in 60% of stomachs and the jumbo squid in 20% of the cases.
The average number of prey items per stomach was 5.3 with a mode of 1 and a maximum value of 74. The greatest number of prey items was found in a shark that measured 230 cm TL which contained 74 pairs of squid beaks (equivalent to 74 cephalopods).
Comparisons of dietary composition
There were statistically significant differences in diet based upon body size. For this analysis, we divided the sharks into 4 size classes: I (53-70 cm TL, n=40), II (71-100 cm TL, n=175), n=111) and IV (191-294 cm TL, n=10). The stress value (0.11) of the nMDS plot indicated that this plot provides an accurate representation of the data, and an overall ANOSIM showed significant differences among the size classes (R-statistic=0.4, P<0.001). The nMDS plot and the overall R-statistic indicate that the diet of the size classes overlap but are clearly distinct.
By analyzing each of the pairwise comparisons, we found that all size classes had significant differences (P<0.05), except size classes III and IV. Among the size classes that presented a significant difference, size classes I-III had the highest R-statistic and the lowest overlap, and therefore their diets are well separated. Size classes II and III had the lowest R-statistic and the highest overlap; therefore their diets were minimally separated (Table 3) . According to analysis with SIMPER, the prey species that most contributed to the diet in size class I are M. dentata, teleosts and the Patagonian squid; in size class II they were the Patagonian squid, the jumbo flying squid, and M. dentata; in size class III they were the jumbo flying squid and Patagonian squid; and in size class IV they were the jumbo flying squid, sharpear enope squid, Gonatus antarcticus, and giant squid (Architeuthis dux) in order of importance. The IRI showed a similar trend. Sharks in size class I fed chiefly on Patagonian squid (31% of IIR), teleosts (26%) and whip-lash squid (25%); whereas sharks in size class II fed chiefly on Patagonian squid (49%), whip-lash squid (13%) and jumbo squid (13%); sharks in size class III fed chiefly on jumbo flying squid (54%) and Patagonian squid (24%); and sharks in size class IV fed chiefly on jumbo flying squid (62%), giant squid (15%) and sharpear enope squid (9%) (Fig. 2) .
We were also able to identify some general trends in the diet as sharks increased in size, such as, a reduction in the consumption of teleosts and whiplash squid and an increase in the consumption of jumbo flying squid and sharpear enope squid. The giant squid was present only in the diets of sharks in size class IV (Fig. 3) . Sharks in size classes II and III were the most specialized feeders, whereas sharks in size class I were the least specialized. Sharks in size class II (mean trophic position: 4.34 cm TL) had the lowest trophic position, and sharks in size class IV had the highest trophic position (mean trophic position: 4.63 cm TL). As an overall trend, sharks increased their trophic position as they increased in size.
Of all the other factors assessed (sex, location, season, year, and environmental conditions), ANOSIM showed that the dietary composition of smooth hammerhead differed significantly only between location and year. However, these differences were small (Rstatistic<0.25, P<0.05) and an overlap exists between the dietary composition of these factors (Clarke, 1993) . We therefore concluded that the diet of smooth hammerhead did not show variability according to the sex, location, season, year, or environmental conditions.
Discussion
Our analyses indicate that the smooth hammerhead has a narrow trophic niche width and a high trophic position and can therefore be considered a specialized top predator. These results complement the findings from other diet studies of smooth hammerhead in the eastern Pacific Ocean (Ecuador and Baja California) and southeastern Africa-studies in which this shark species was found to feed mainly on cephalopods (e.g., jumbo squid, Patagonian squid, whip-lash squid, and sharpear enope squid) (Smale, 1991; Smale and Cliff, 1998; Castañeda and Sandoval, 2004; Estupiñan-Montaño and Cedeño-Figueroa, 2005; Galvan-Magaña et al., 2013) . Studies from Ecuador and Baja California showed that the smooth hammerhead is a specialist predator with a trophic level between 4 and 4.5, Table 2 Trophic niche width of 2 groups of taxa in the diet of smooth hammerhead ( similar to the result of 4.3 that we found in this study (Castaneda, 2004; Estupiñan-Montaño and Cedeño-Figueroa, 2005; Bolaño Martínez, 2009; Galvan-Magaña et al., 2013) . Additionally, the fact that 92% of stomach contents examined were in an advanced state of digestion indicates that smooth hammerhead is an intermittent feeder. Stomach contents of a continuous feeder would have food items at different stages of digestion (Medved et al., 1985) .
Although we were able to analyze the contribution of cephalopods in the diet, we were limited in our ability to quantify the contribution of fish in the diet. According to the percentage of prey by frequency of occurrence, 12.9% of the diet was composed of fish that could not be identified at a species level owing to their advance state of digestion. Otoliths are often used to identify species because they resist the digestive process. However, in our study, smooth hammerhead preyed upon pelagic fishes with small and expellable otoliths, often preventing species identification (Lombarte et al., 2010) . Conversely, the hard structures of squid beaks were easier to detect owing to their larger sizes and resistance to digestion (Braccini et al., 2005) . Despite these challenges, although fish as prey may be underestimated, we were still able to identify otoliths and it is clear that fish comprise an important component of the diet of the smooth hammerhead. Future studies could better refine these estimates with the use of complementary methods, such as molecular analysis, that are helpful in identifying taxonomic groups with precision (King et al., 2008) . Moreover, future studies should emphasize the collection of samples from sharks greater than 200 cm TL. We were able to collect only 10 samples for size class IV (191-294 cm TL). Therefore our results more accurately represent the diet of neonates and juveniles.
Life stages
Shark species change their diet over the course of their life (Lowe et al., 1996; Wetherbee and Cortés, 2004) . In Ecuador, as smooth hammerhead grew, Patagonian squid decreased proportionally in the overall diet composition; whereas jumbo flying squid increased (Bolaño Martínez, 2009) . Similarly, in South Africa, juveniles fed on loliginids and adults fed on Ancistrocheirus sp. and red flying squid (Ommastrephes bartramii) (Smale and Cliff, 1998) . Our results are consistent with those reported for Ecuador and South Africa. We found that all size classes had statistically significant differences, except for size classes III and IV, which could be explained by the low sample size of size class IV. Moreover, our samples were composed mainly of neonates and juveniles and included only a small sample size of adults. Therefore, further studies, should include a wider range of sizes to assess fully the trophic ecology of smooth hammerhead over its entire size range.
We found that neonates and small juveniles consumed coastal species (i.e., Patagonian squid, Peprilus sp.; Jereb and Roper, 2010) , and larger juveniles and adults consumed oceanic species (i.e., jumbo squid, Ancistrocheirus lesueurii; Nigmatullin et al., 2001; Jereb and Roper, 2010) . These diet habits suggest a change of habitat and distribution. Sharks of size class IV were the only individuals that consumed giant squid, which is a deep-sea species with a vertical distribution range of 200-1000 m (Landman et al., 2004; Jereb and Roper, 2010) . In New Zealand, an electronically tagged smooth hammerhead measuring 160 cm TL gave evidence of vertical migrations and a maximum depth recorded at 144 m (Francis, 2016) . This finding suggests that larger sharks may be migrating vertically to capture prey. Furthermore, the change in diet from coastal to oceanic prey species can be explained partly by the need to consume prey species of greater biomass and energy content (Navia et al., 2007) . The Patagonian squid, for example, provides 3.1 kJ/g, whereas jumbo flying squid provides 6.6 kJ/g (Croxall and Prince, 1982; Abitia-Cardenas et al., 1997) . Trophic position of this species rises to a higher level in the food chain as the sharks increased in size, and this has also been ob- Table 3 Comparison of prey items in the diet of smooth hammerhead (Sphyrna zygaena) collected from December 2012 through June 2015 in northern Peru, generated from a Bray-Curtis index that is based on the percentage by number of prey (%N) and from R-statistics and P-values generated from analysis of similarities. Size classes of sharks: I (53-70-cm-TL), II (71-100 cm TL), III (101-190 cm TL) and IV (191-294 cm TL). An asterisk (*) indicates comparisons for which differences were significant (P<0.001). "Overlapping" indicates that the diet of smooth hammerhead overlaps for the 2 size classes in each paired comparison (of horizontal and vertical values). served in other studies of smooth hammerhead (Bolaño Martínez, 2009; Ochoa-Díaz, 2009 ).
Foraging grounds and predator-prey relations
Populations of jumbo flying squid can impact the dynamics of marine ecosystems, owing in part to the rapid growth characteristics of the species (e.g., rapid growth rate, short life span) (Gilly et al., 2006) . For example, an increase in the jumbo flying squid population resulted in population declines of Chilean hake (Merluccius gayi) and Pacific hake (Merluccius productus), and affected the catches of commercial fisheries for these species along Chile and California (Arancibia and Neira 4 ; Jereb and Roper, 2010) . In the eastern Pacific Ocean, this study, and previous studies, have identified smooth hammerhead as an important predator of jumbo flying squid and one of the main predators of cephalopods in the eastern Pacific Ocean (Galvan- , 1989; Castañeda and Sandoval, 2004; Estupiñan-Montaño and Cedeño-Figueroa, 2005; Bolaño Martínez, 2009; Ochoa-Díaz, 2009; Galvan-Magaña et al., 2013) . It is likely, therefore, that the smooth hammerhead plays an important role as a biological control of cephalopods, and, as a result, has important direct and indirect effects on the viability of multiple fisheries. Furthermore, the high abundance of jumbo flying squid (Nesis, 1983; Nigmatullin et al., 2001; Argüelles et al., 2008) and massive smooth hammerhead fishery landings in northern Peru (Bonfil, 1994; Fischer et al., 2012; Gonzalez-Pestana et al., 2016) make clear that this ocean region represents an important feeding area for smooth hammerhead in the eastern Pacific Ocean. This study contributes to the basic understanding of the trophic ecology of smooth hammerhead and provides information that can also contribute to the design and implementation of national or regional conservation plans for the smooth hammerhead.
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